Research has implicated the perirhinal cortex (PRh) in several aspects of object recognition memory. The specific role of the hippocampus (HPC) remains controversial, but its involvement in object recognition may pertain to processing contextual information in relation to objects rather than object representation per se. Here we investigated the roles of the PRh and HPC in object memory reconsolidation using the spontaneous object recognition task for rats. Intra-PRh infusions of the protein synthesis inhibitor anisomycin immediately following memory reactivation prevented object memory reconsolidation. Similar deficits were observed when a novel object or a salient contextual change was introduced during the reactivation phase. Intra-HPC infusions of anisomycin, however, blocked object memory reconsolidation only when a contextual change was introduced during reactivation. Moreover, disrupting functional interaction between the HPC and PRh by infusing anisomycin unilaterally into each structure in opposite hemispheres also impaired reconsolidation when reactivation was done in an altered context. These results show for the first time that the PRh is critical for reconsolidation of object memory traces and provide insight into the dynamic process of object memory storage; the selective requirement for hippocampal involvement following reactivation in an altered context suggests a substantial circuit level object trace reorganization whereby an initially PRh-dependent object memory becomes reliant on both the HPC and PRh and their interaction. Such trace reorganization may play a central role in reconsolidation-mediated memory updating and could represent an important aspect of lingering consolidation processes proposed to underlie long-term memory modulation and stabilization.
Introduction
When information is acquired it must undergo a process of consolidation to be retained in long-term memory (McGaugh, 2000; Dudai, 2004) . Moreover, when a memory is reactivated, its trace can again become labile and sensitive to disruption. To persist, this labile memory must be reconsolidated. The process of postreactivation memory destabilization and reconsolidation has been demonstrated in numerous species and for myriad memory types (Misanin et al., 1968; Sara, 2000; Nader, 2003; Hardt et al., 2010; Alberini, 2011) , including object recognition memory (Bozon et al., 2003; Kelly et al., 2003; Akirav and Maroun, 2006; Rossato et al., 2007; Maroun and Akirav, 2008; Lima et al., 2009; Winters et al., 2009; Davis et al., 2010; Romero-Granados et al., 2010) .
Research has revealed a central role for the perirhinal cortex (PRh) in object representation (Buckley and Gaffan, 2006; Barker et al., 2007; Bartko et al., 2007; Bussey and Saksida, 2007; McTighe et al., 2010) . Indeed, studies with the spontaneous object recognition (SOR) task for rats have implicated PRh in object memory encoding, consolidation, and retrieval (Winters and Bussey, 2005a,b; Barker et al., 2006a,b) . The hippocampus (HPC) may also play a role in object recognition, but the specific involvement of this structure remains unclear and may be related to processing of contextual information, rather than object representation per se (Gaffan, 1994; Cassaday and Rawlins, 1997; Bussey and Aggleton, 2002; Mumby et al., 2002; Aggleton and Brown, 2005; O'Brien et al., 2006; Piterkin et al., 2008) .
Evidence now suggests that the reconsolidation process is involved in modification of established memories (Hupbach et al., 2007; Lukowiak et al., 2007; Lee, 2008 Lee, , 2010 Inda et al., 2011) . Accordingly, new learning, or the presence of novel stimuli, at the time of memory reactivation can influence the likelihood of memories to undergo reconsolidation (Rodriguez-Ortiz et al., 2005 , 2008 Morris et al., 2006; Winters et al., 2009 ). Moreover, previous findings have suggested a role for the HPC in object memory reconsolidation only when memory updating occurs (Rossato et al., 2007) . In the Rossato et al. (2007) study, hippocampal protein synthesis inhibition impaired object memory reconsolidation only when reactivation occurred in the presence of a novel object. This study, however, used an open field version of the SOR task, and there are inconsistencies in the literature regarding hippocampal involvement depending on the procedure used to assess object recognition (Winters et al., 2008) . One aim of the current study was therefore to investigate the nature of novel information required at memory reactivation to prompt involvement of the HPC in reconsolidation of object memories. Given its importance in object information processing, it is also surprising that no studies have assessed the role of PRh in object memory reconsolidation. In the current study we therefore conducted a systematic assessment of the contributions of the PRh and HPC to object memory reconsolidation using variants of the SOR task in which novel object or contextual information was presented during reactivation of the original object memory.
Materials and Methods
Subjects. The subjects were 117 adult male Long-Evans rats (Charles River), weighing ϳ300 -350 g at the onset of each experiment. Rats were housed in pairs and maintained on a reverse light/dark cycle (7:00 A.M. lights off; 7:00 P.M. lights on). All behavioral testing occurred during the dark phase of the cycle, and the experimental room was illuminated by overhead lighting during testing. Rats received 20 g of rodent chow each evening to maintain 85-90% of free-feeding body weight for the duration of the behavioral phase of each experiment. Water was available ad libitum throughout the experiments. All procedures adhered to the guidelines of the Canadian Council on Animal Care and were approved by the Animal Care Committee at the University of Guelph.
Surgical procedures. For each experiment, all rats were implanted bilaterally with 22-gauge indwelling guide cannulas according to the following procedure. Before and during all surgeries, rats were deeply anesthetized with isoflurane inhalation anesthetic (Benson Medical Industries) . Animals also received a systemic (subcutaneous) injection of the analgesic meloxicam (5 mg/ml; Boehringer Ingelheim) before surgery. They were then placed in a stereotaxic frame (Kopf Instruments) with the incisor bar set to Ϫ3.3 mm. The scalp was cut and retracted to expose the skull, and holes were drilled directly above the target region. The guide cannulas were implanted according to the following coordinates, measured relative to the skull at bregma (Paxinos and Watson, 1998) , for PRh: anteroposterior Ϫ5.5 mm, lateral Ϯ6.6 mm, dorsoventral Ϫ6.5 mm; for HPC: anteroposterior Ϫ3.8 mm, lateral Ϯ2.5 mm, dorsoventral Ϫ2.5 mm. The cannulas were secured to the skull using four jeweler screws and dental acrylic. Dummy cannulas cut to extend 1.1 mm beyond the tip of the guide cannulas and with an outer diameter of 0.36 mm were inserted into the guides and remained there except during infusions. At the completion of surgery, the skin was sutured, and animals recovered in cages on heat pads for 1-2 h before being returned to their home cages. Rats were allowed to recover in their home cages for at least 7 d before the beginning of behavioral testing.
Drugs. The protein synthesis inhibitor anisomycin (Sigma) was initially dissolved in 1N HCl. The pH of the solution was then adjusted to 7.0 by addition of NaOH, and the final concentration was adjusted to 100 g/l by adding 0.9% physiological saline. This dose was chosen because previous studies have indicated that anisomycin in a dose rang of 100 -125 g/l produces Ͼ90% protein synthesis inhibition in various brain regions (Rosenblum et al., 1993; Morris et al., 2006) .
Infusion procedure. For all experiments, rats received bilateral infusions of either 0.9% physiological saline or anisomycin on a given trial, immediately following the reactivation phase (or at an equivalent time within the trial for "no reactivation" conditions, see below). All experiments were run with drug as a within-subjects factor, and rats received counterbalanced infusions of anisomycin or saline over multiple trials (see below). All infusions took place in a preparation room separate from the behavioral testing area. Animals were gently restrained by the experimenter throughout the infusion process. The dummy cannulas were removed, and the 28-gauge infusion cannulas, which were cut to extend 1 mm beyond the tip of the guide cannulas, were inserted. Bilateral infusions were conducted simultaneously using two 1 l Hamilton syringes, which were connected to the infusion cannulas by propylene tubing. The syringes were driven by a Harvard Apparatus precision syringe pump, which delivered 1 l to each hemisphere over 2 min. Previous results demonstrate that various infusates spread within the brain with a radius of ϳ1-2 mm from the site of infusion when administered in this volume (Martin, 1991; Berman et al., 2000) , thereby limiting diffusion into adjacent untargeted brain regions. This is consistent with our own previous PRh analyses showing that the infusion parameters used in the current study produce drug diffusion patterns predominantly limited to PRh, with very little, if any, encroachment into adjacent hippocampal or cortical structures, including lateral entorhinal cortex (Winters and Bussey, 2005b; Winters et al., 2010) . The infusion cannulas were left in place for an addition 1.5 min to allow for diffusion of the infusate. The infusion cannulas were then removed, and the dummy cannulas reinserted. Rats were then returned to their home cages until the choice phase. For all experiments, in each of the two habituation sessions before the beginning of behavioral testing, rats experienced a mock infusion identical to the procedure described above, except that the injection cannulas contained no liquid.
Apparatus. Spontaneous object recognition was conducted in a Y-shaped apparatus as described previously (Winters et al., 2004; Forwood et al., 2005) . Briefly, the Y-shaped apparatus had high, homogenous white walls constructed from Plexiglas to prevent the rat from looking out into the room. The apparatus walls were 40 cm high, and each arm was 27 cm in length and 10 cm wide. The start arm contained a guillotine door 18 cm from the rear of the arm. This provided an area within which the rat could be confined at the start of a given trial. A video camera was mounted on a tripod above the apparatus to record all trials. Duplicate copies of objects made from plastic, ceramic, glass, and aluminum were obtained. The height of the objects ranged from 10 to 20 cm, and they varied with respect to their visual and tactile qualities. All objects were affixed to the floor of the apparatus with an odorless reusable adhesive putty to prevent them from being displaced during testing. As far as could be determined, the objects had no natural significance for the rats, and they had never been associated with a reinforcer. Before being placed in the apparatus, objects were always wiped with 50% ethanol.
Spontaneous object recognition. Each of the seven experiments followed the same general procedure. Specific experimental manipulations are outlined below. All rats were habituated to the empty Y-shaped apparatus in two consecutive daily sessions before the start of trials. Each rat was individually brought to the experiment room in a transport cage, placed in the start box area of the Y-shaped apparatus, and released into the main exploration area for 5 min. Immediately following the habituation session, each rat received a mock infusion as outlined above.
Behavioral testing began 24 h after the second habituation session. All rats were run for four trials total in each experiment, two trials with saline administration and two with anisomycin, with at least 48 h between trials. Each trial consisted of three phases: sample, reactivation, and choice. Each phase occurred 24 h apart, for a retention delay (sample-tochoice) of 48 h on each trial. A different object pair was used for each trial for a given rat, and the order of exposure to object pairs as well as the designated sample and novel objects for each pair were counterbalanced. Time spent exploring the objects was assessed using video recordings of the sample, reactivation, and choice phases. Data were collected by scoring exploratory bouts using a personal computer.
In the sample phase, two identical objects were placed in the Y-shaped apparatus, one at the end of each exploration arm. Each rat was individually brought into the experiment room in a transport box and placed in the start box with the guillotine door lowered. The guillotine door was then raised to allow the rat into the exploration area of the Y-shaped apparatus. When the rat exited the start box, the guillotine door was lowered to prevent reentry, and the sample phase began. The time spent exploring the two objects was scored by an experimenter viewing the rat on a video screen. Exploration of an object was defined as directing the nose to the object at a distance of Ͻ2 cm and/or touching it with the nose. The sample phase ended when the rat had explored the identical objects for a total of 25 s, or after 3 min had passed, whichever came first. At the end of the sample phase, the rat was removed from the Y-shaped apparatus and was transported back to its home cage.
We modified the SOR paradigm to assess object memory reconsolidation with three different memory reactivation conditions interposed between the sample and choice phases: "standard," "novel object," and "context change" reactivation conditions. For the reactivation phase in each experiment, each rat was individually brought to the experiment room in a transport cage. For the standard reactivation condition (Ex-periments 1 and 2), the Y-shaped apparatus contained the same objects shown to the rat during the sample phase; the reactivation phase was performed identically to the sample phase, except that it ended when the rat had explored the objects for a total of 10 s, or when 2 min had passed, whichever came first. The novel object reactivation condition (Experiments 3 and 4) was run in the same manner as the standard reactivation, except that one of the sample objects was replaced by a new object in the reactivation phase; the side of the novel object was counterbalanced across rats, and the novel object presented in the reactivation phase was different from the novel object presented in the choice phase. The context change reactivation condition (Experiments 5-7) was identical to the standard reactivation, except that a textural insert constructed of white foam board and covered in no-slip rubber padding was placed on the floor of the main stem of the Y-shaped apparatus for the reactivation phase. The insert was 10 cm wide, and extended 38 cm from inside the start box into the exploration area; the floor insert did not extend into the arms containing the objects, but covered the entire "middle stem" of the Y-shaped apparatus, extending beyond the start box into the exploratory area. This textural insert was used in a previous study and found to be effective in destabilizing certain object memories when presented at reactivation (Winters et al., 2009 ). For ease of insertion into the Y-shaped apparatus and to maintain the stability of the objects being presented, the insert did not extend into the presentation arms of the Y-shaped apparatus. Following the reactivation phase, the rat was removed and immediately administered an intracranial infusion of anisomycin or saline as described above. For animals in the no reactivation condition, the reactivation phase was omitted, and rats were administered infusions in the same manner and at the same time following the sample phase as animals in the reactivation groups. The experimenter was blind to the substance administered. Each rat was run on two trials with each drug condition, and the order of drug administration was counterbalanced within and between experimental groups. Each rat was run for four trials total in each experiment because this produces data with less variability in the SOR task. Following the infusion, the rat was returned to its home cage until the start of the choice phase.
In the choice phase, which occurred 24 h after the reactivation phase in all experiments, the Y-shaped apparatus contained a copy of the original sample object in one arm and a new object in the other. The exploration arms in which the novel and sample objects were placed for the choice phase were counterbalanced across trials. The rat was allowed to explore the objects for 2 min. The time spent exploring the novel and familiar objects was recorded for the 2 min of the choice phase. We calculated a discrimination ratio, i.e., the difference in time spent exploring the novel and familiar objects divided by the total time spent exploring the objects, for the first minute of the choice phase on each object recognition trial [i.e., (novel choice object exploration Ϫ familiar choice object exploration)/total choice object exploration]. The first minute was assessed because we have consistently observed that this is when the maximal discrimination is shown between novel and familiar objects by normal animals (our unpublished observations; see also Dix and Aggleton, 1999) . Normal rats tend to explore the novel object more than the familiar sample object in this spontaneous object recognition paradigm. Experiment 1. Experiment 1 assessed the role of PRh in object memory reconsolidation using the standard reactivation condition. Two groups of rats were tested. Rats in the "reactivation" group (n ϭ 8) received intra-PRh infusions of anisomycin or saline immediately following a standard reactivation phase, as described above. Rats in the no reactivation group (n ϭ 8) received infusions of anisomycin or saline at approximately the same time within trials (24 h after the sample phase), but did not undergo a reactivation phase.
Experiment 2. Experiment 2 investigated the involvement of the HPC in object memory reconsolidation using the standard reactivation condition. Rats in the reactivation group (n ϭ 9) received intra-HPC infusions of anisomycin or saline immediately following a standard reactivation phase, as described above. Rats in the no reactivation group (n ϭ 8) were treated as described for Experiment 1.
Experiment 3. Experiment 3 assessed the involvement of PRh in object memory reconsolidation with a novel object presented at the time of memory reactivation. All procedures were identical to those in Experiment 1, except that the reactivation group (n ϭ 10) experienced the novel object reactivation phase, as described above, before drug infusions. Rats in the no reactivation group (n ϭ 9) were treated as described for Experiment 1.
Experiment 4. Experiment 4 tested the involvement of the HPC in object memory reconsolidation with a novel object presented at the time of memory reactivation. All procedures were identical to those in Experiment 2, except that the reactivation group (n ϭ 8) experienced the novel object reactivation phase, as described above, before drug infusions. Rats in the no reactivation group (n ϭ 8) were treated as described for Experiment 1.
Experiment 5. Experiment 5 investigated the role of PRh in object memory reconsolidation with a novel contextual cue presented at the time of memory reactivation. All procedures were identical to those in Experiment 1, except that the reactivation group (n ϭ 6) experienced the context change reactivation phase, as described above, before drug infusions. Rats in the no reactivation group (n ϭ 8) were treated as described for Experiment 1.
Experiment 6. Experiment 6 assessed the role of the HPC in object memory reconsolidation with a novel contextual cue presented at the time of memory reactivation. All procedures were identical to those in Experiment 2, except that the reactivation group (n ϭ 7) experienced the context change reactivation phase, as described above, before drug infusions. Rats in the no reactivation group (n ϭ 9) were treated as described for Experiment 1.
Experiment 7. Experiment 7 explored the functional interaction between the HPC and PRh in object memory reconsolidation with a novel contextual cue presented at the time of memory reactivation. All rats were implanted bilaterally with cannulas in both PRh and dorsal HPC. All procedures were identical to those in Experiment 5 except that the reactivation group (n ϭ 10) received crossed unilateral infusions of anisomycin or saline into PRh and HPC immediately following the context change reactivation phase. For instance, a rat receiving an intra-PRh infusion into the left hemisphere was simultaneously administered an intra-HPC infusion into the right hemisphere, or vice versa. The side of injection for each brain region was counterbalanced across all subjects and trials. Rats in the no reactivation group (n ϭ 9) received the same crossed unilateral injection procedure but did not experience the reactivation phase.
Histology. Following behavioral testing, rats were anesthetized by intraperitoneal injection of 2 ml of Euthansol (340 mg/ml; Schering Canada Inc.) and perfused transcardially with 100 ml of PBS, pH 7.4, followed by 250 ml of 4% neutral buffered formalin, pH 7.4 (EMD). The brains were removed, postfixed in 4% formalin at 4°C for at least 24 h and then immersed in 20% sucrose in PBS until they sank. A cryostat was used to cut coronal sections (60 m) through the extent of PRh or HPC, and every fifth section was mounted on a gelatin-coated glass slide and stained with cresyl violet. Slides were examined under a light microscope to verify the cannula placements.
Data analysis. Group means of six measures taken from object recognition testing were analyzed for each experiment. Two measures were analyzed from each phase of behavioral testing: the total object exploration in the sample phase and the duration of the sample phase; the total object exploration and duration of the reactivation phase; the total object exploration and the discrimination ratio from the choice phase. Means for the four measures from the sample and choice phases were submitted to two-way (drug ϫ reactivation group) mixed-factors analyses of variance (ANOVA), with paired-samples t tests used for post hoc analyses in cases of significant interactions. Means for the two measures taken from the reactivation phase were compared across drug conditions using paired-samples t tests. An additional analysis was performed on the object recognition data for each experiment using independent samples t tests to compare the mean discrimination ratio in each condition to a score of 0 (i.e., "chance" performance, no significant discrimination between the novel and familiar objects in the choice phase). All statistical analyses were conducted with a significance level of ␣ ϭ 0.05 using SPSS 18.0 for Windows.
Results

Histology
All rats included in the behavioral analyses for Experiments 1, 3, and 5 had guide cannulas located bilaterally with injection needle tips terminating in PRh near the border between areas 35 and 36 (Burwell, 2001) ; these placements were consistently located between 5.80 and 6.30 mm posterior to bregma (Fig. 1a,c) . All rats included in the behavioral analyses for Experiments 2, 4, and 6 had guide cannulas located bilaterally with injection needle tips terminating in the dorsal HPC (Fig. 1b,d ). For Experiment 7, all rats had bilateral placements of cannulas in both dorsal HPC and PRh.
Experiment 1: Protein synthesis in PRh is required for reconsolidation of object memories following standard reactivation Rats receiving bilateral infusions of anisomycin into PRh immediately following the reactivation phase failed to show a preference for the novel object in the choice phase (Fig. 2) . Mixed-factors ANOVA revealed nonsignificant drug (F (1,14) ϭ 3.74, p ϭ 0.074) and group (F (1,14) ϭ 1.74, p ϭ 0.208) effects, but a significant drug ϫ group interaction (F (1,14) ϭ 5.29, p ϭ 0.037). Post hoc analysis with paired-samples t tests indicated a significant difference between saline and anisomycin conditions within the reactivation group (t (7) ϭ 2.95, p ϭ 0.021), but not within the no reactivation group (t (7) ϭ 0.264, p ϭ 0.799). This pattern of effects was consistent with the results of separate independent-samples t tests, which indicated that rats showed significant novel object preference (i.e., discrimination ratios significantly Ͼ0) in all conditions (reactivation-saline, t (7) ϭ 3.963, p ϭ 0.005; no reactivation-saline, t (7) ϭ 2.303, p ϭ 0.05; no reactivation-anisomycin, t (7) ϭ 6.002, p ϭ 0.001), except when receiving anisomycin into PRh immediately after the reactivation phase (t (7) ϭ 0.382, p ϭ 0.714).
Analysis of the general exploration measures indicated no significant differences between conditions in terms of total exploration levels (sample: drug, F (1, 14) Figure 1 . a, b, Schematic representation of the infusion needle tip placements from typical groups of animals with PRh implantations (a) (Experiment 3, reactivation group; n ϭ 10) and HPC implantations (b) (Experiment 4, reactivation group; n ϭ 8). These placements are representative of needle tip locations in all animals included in the behavioral analyses of the present study. Cannulas in PRh were consistently located between 5.80 and 6.30 mm posterior to bregma. Cannulas in HPC for all animals were located at ϳ3.6 mm posterior to bregma. Some needle tips overlap in the figure. Brain section illustrations modified from Paxinos and Watson (1998) . c and d are photomicrographs illustrating PRh and dorsal HPC cannula tracks, respectively; arrows indicate tips of infusion cannula tracks. Dashed lines surrounding placements in a approximate the borders of PRh as defined by Burwell (2001) . p ϭ 0.059, group, F (1,14) ϭ 0.913, p ϭ 0.355, drug ϫ group, F (1,14) ϭ 1.996, p ϭ 0.18; reactivation: t (7) ϭ 0.255, p ϭ 0.806).
Experiment 2: Protein synthesis in dorsal HPC is not required for reconsolidation of object memories following standard reactivation
Bilateral infusions of anisomycin into the HPC immediately following the reactivation phase did not disrupt preference for the novel object in the choice phase (Fig. 3) . Mixed-factors ANOVA revealed nonsignificant drug (F (1,15) ϭ 2.074, p ϭ 0.17), group (F (1,15) ϭ 0.0001, p ϭ 0.995), and drug ϫ group interaction (F (1,15) ϭ 0.095, p ϭ 0.762) terms. This pattern of effects was consistent with the results of separate independent-samples t tests, which indicated that rats showed significant novel object preference in all conditions (reactivation-saline, t (8) ϭ 5.387, p ϭ 0.001; reactivation-anisomycin, t (8) ϭ 5.41, p ϭ 0.001; no reactivation-anisomycin, t (7) ϭ 2.094, p ϭ 0.037, one-tailed; no reactivation-saline, t (7) ϭ 6.147, p Ͻ 0.001).
There were also no significant differences between conditions in terms of total exploration levels (sample: drug, 
Experiment 3: Protein synthesis in PRh is required for reconsolidation of object memories following reactivation in the presence of a novel object
Bilateral infusions of anisomycin into PRh immediately following memory reactivation in the presence of a novel object significantly impaired object recognition in the choice phase (Fig. 4) . Mixed-factors ANOVA revealed a nonsignificant effect of group (F (1,17) ϭ 1.398, p ϭ 0.253), but a significant drug effect (F (1,17) ϭ 17.83, p ϭ 0.001) and a significant drug ϫ group interaction (F (1,17) ϭ 17.639, p ϭ 0.001). Post hoc analysis with pairedsamples t tests indicated a significant difference between saline and anisomycin conditions within the reactivation group (t (9) ϭ 6.186, p Ͻ 0.001), but not within the no reactivation group (t (8) ϭ 0.015, p ϭ 0.988). This pattern of effects was supported by the results of separate independent-samples t tests, which indicated significant novel object preference in all conditions (reactivationsaline, t (9) ϭ 9.378, p Ͻ 0.001; no reactivation-saline, t (8) ϭ 4.991, p ϭ 0.001; no reactivation-anisomycin, t (8) ϭ 6.005, p Ͻ 0.001), except when rats received anisomycin into PRh immediately after the reactivation phase (t (9) ϭ 0.016, p ϭ 0.988).
General exploration analyses indicated no significant differences between conditions in terms of total exploration levels (sample: drug, F (1,17) ϭ 0.09, p ϭ 0.768, group, F (1,17) ϭ 0.354, p ϭ 0.56, drug ϫ group, F (1,17) ϭ 0.22, p ϭ 0.645; reactivation: t (9) ϭ 1.329, p ϭ 0.216; choice: drug, F (1,17) ϭ 0.129, p ϭ 0.724, group, F (1,17) ϭ 1.89, p ϭ 0.187, drug ϫ group, F (1,17) ϭ 1.282, Figure 2 . Spontaneous object recognition performance of rats in Experiment 1. Intra-PRh administration of anisomycin immediately following the standard reactivation phase prevented object memory reconsolidation. Perirhinal protein synthesis inhibition did not affect object recognition memory in rats that did not undergo a memory reactivation phase before drug delivery. Data are presented as average discrimination ratio (ϮSEM) from the choice phase administered 24 h after drug infusions. *p Ͻ 0.05 (anisomycin vs saline in reactivation group). 
Experiment 4: Protein synthesis in dorsal HPC is not required for reconsolidation of object memories following reactivation in the presence of a novel object
Rats receiving bilateral infusions of anisomycin into the HPC immediately following memory reactivation in the presence of a novel object displayed intact object recognition memory in the choice phase (Fig. 5) . Mixed-factors ANOVA revealed nonsignificant drug (F (1,14) ϭ 0.226, p ϭ 0.642), group (F (1,14) ϭ 0.047, p ϭ 0.832), and drug ϫ group interaction (F (1,14) ϭ 0.015, p ϭ 0.905) terms. Accordingly, separate independent-samples t tests indicated that rats showed significant novel object preference in all conditions (reactivation-saline, t (7) ϭ 3.131, p ϭ 0.017; reactivation-anisomycin, t (7) ϭ 8.535, p Ͻ 0.001; no reactivationsaline, t (7) ϭ 4.453, p Ͻ 0.003; no reactivation-anisomycin, t (7) ϭ 3.385, p ϭ 0.012).
There were also no significant differences between conditions in terms of total exploration levels (sample: drug, F (1, 14) ϭ 0.329, p ϭ 0.575, group, F (1,14) ϭ 0.318, p ϭ 0.582, drug ϫ group, F (1,14) ϭ 1.112, p ϭ 0.31; reactivation: t (7) ϭ 1.347, p ϭ 0.22; choice: drug, F (1, 14) ϭ 0.199, p ϭ 0.663, group, F (1,14) ϭ 0.003, p ϭ 0.954, drug ϫ group, F (1,14) ϭ 0.004, p ϭ 0.953) or phase duration (sample: drug, F (1, 14) ϭ 0.343, p ϭ 0.568, group, F (1,14) ϭ 0.008, p ϭ 0.93, drug ϫ group, F (1,14) ϭ 1.07, p ϭ 0.319; reactivation: t (7) ϭ 0.394, p ϭ 0.705).
Experiment 5: Protein synthesis in PRh is required for reconsolidation of object memories following reactivation in an altered context Bilateral infusions of anisomycin into PRh immediately following memory reactivation in the presence of a novel contextual cue significantly disrupted object recognition in the choice phase (Fig. 6) . Mixed-factors ANOVA revealed a nonsignificant effect of group (F (1,12) ϭ 0.649, p ϭ 0.436), but trends toward significant drug (F (1,12) ϭ 3.598, p ϭ 0.082) and drug ϫ group interaction (F (1,12) ϭ 3.271, p ϭ 0.096) effects. Moreover, planned comparisons with paired-samples t tests indicated a significant difference between saline and anisomycin conditions within the reactivation group (t (5) ϭ 2.997, p ϭ 0.03), but not within the no reactivation group (t (7) ϭ 0.061, p ϭ 0.953). Furthermore, the interpretation of object recognition impairment was supported by the results of separate independent-samples t tests, which indicated significant novel object preference in all conditions (reactivation-saline, t (5) ϭ 5.508, p ϭ 0.003; no reactivationsaline, t (7) ϭ 2.975, p ϭ 0.021; no reactivation-anisomycin, t (7) ϭ 2.826, p Ͻ 0.026), except when rats received intra-PRh anisomycin immediately after the reactivation phase (t (5) ϭ 0.368, p ϭ 0.728).
Analysis of general exploration values indicated no significant differences between conditions in terms of total exploration levels (sample: drug, F (1, 12) Experiment 6: Protein synthesis in dorsal HPC is required for reconsolidation of object memories following reactivation in an altered context Unlike in the standard and novel object reactivation conditions, bilateral infusions of anisomycin into the HPC immediately following memory reactivation in the presence of a novel contextual cue significantly impaired object recognition in the choice phase (Fig. 7) . Mixed-factors ANOVA revealed a nearly significant effect of group (F (1,14) ϭ 4.471, p ϭ 0.053), as well as a significant drug effect (F (1,14) ϭ 5.899, p ϭ 0.029) and a significant drug ϫ group interaction (F (1,14) ϭ 8.6, p ϭ 0.011). Post hoc analysis with paired-samples t tests indicated a significant difference between saline and anisomycin conditions within the reactivation group (t (6) ϭ 3.518, p Ͻ 0.013), but not within the no reactivation group (t (8) ϭ 0.386, p ϭ 0.71). This pattern of effects was reflected in the results of separate independent-samples t tests, which indicated significant novel object preference in all conditions (reactivation- Figure 5 . Spontaneous object recognition performance of rats in Experiment 4. Intra-HPC administration of anisomycin immediately following memory reactivation in the presence of a novel object did not affect reconsolidation of the sample object trace. Data are presented as average discrimination ratio (ϮSEM) from the choice phase administered 24 h after drug infusions. Figure 6 . Spontaneous object recognition performance of rats in Experiment 5. Intra-PRh administration of anisomycin immediately following memory reactivation in the presence of a novel contextual cue blocked reconsolidation of the sample object trace. Perirhinal protein synthesis inhibition did not affect object recognition memory in rats that did not undergo a memory reactivation phase before drug delivery. Data are presented as average discrimination ratio (ϮSEM) from the choice phase administered 24 h after drug infusions. *p Ͻ 0.05 (anisomycin vs saline in reactivation group).
saline, t (6) ϭ 4.249, p Ͻ 0.005; no reactivation-saline, t (8) ϭ 6.437, p Ͻ 0.001; no reactivation-anisomycin, t (8) ϭ 5.398, p ϭ 0.001), except when rats received anisomycin into the HPC immediately after the reactivation phase (t (6) ϭ 1.771, p ϭ 0.127).
General exploration analyses indicated no significant differences for total exploration levels (sample: drug, F (1,14) ϭ 0.324, p ϭ 0.578, group, F (1,14) ϭ 0.245, p ϭ 0.628, drug ϫ group, F (1,14) ϭ 1.383, p ϭ 0.259; reactivation: t (6) ϭ 0.888, p ϭ 0.409; choice: drug, F (1,14) ϭ 0.541, p ϭ 0.474, group, F (1,14) ϭ 2.509, p ϭ 0.136, drug ϫ group, F (1,14) ϭ 0.313, p ϭ 0.585) or phase duration (sample: drug, F (1,14) ϭ 0.038, p ϭ 0.848, group, F (1,14) ϭ 0.201, p ϭ 0.661, drug ϫ group, F (1,14) ϭ 0.028, p ϭ 0.87; reactivation: t (6) ϭ 0.368, p ϭ 0.726).
Experiment 7: Coordinated protein synthesis in PRh and HPC is required for reconsolidation of object memories following reactivation in an altered context
Having demonstrated equivalent involvement of PRh and HPC in Experiments 5 and 6, we next investigated the possibility that these two structures functionally interact to mediate object memory reconsolidation following reactivation in the presence of a salient novel contextual cue. Crossed unilateral infusions of anisomycin into PRh and HPC immediately following memory reactivation in the context change condition significantly disrupted object recognition in the choice phase (Fig. 8) . Mixed-factors ANOVA revealed a nonsignificant effect of group (F (1,17) ϭ 0.186, p ϭ 0.672), but a significant drug effect (F (1,17) ϭ 10.87, p ϭ 0.004) and a significant drug ϫ group interaction (F (1,17) ϭ 8.304, p ϭ 0.01). Post hoc analysis with paired-samples t tests indicated a significant difference between saline and anisomycin conditions within the reactivation group (t (9) ϭ 3.729, p ϭ 0.005), but not within the no reactivation group (t (8) ϭ 0.406, p ϭ 0.695). This pattern of effects was supported by the results of separate independent-samples t tests, which indicated significant novel object preference in all conditions (reactivation-saline, t (9) ϭ 7.467, p Ͻ 0.001; no reactivation-saline, t (8) ϭ 5.14, p ϭ 0.001; no reactivation-anisomycin, t (8) ϭ 4.3, p ϭ 0.003), except when rats received crossed unilateral infusions of anisomycin into PRh and HPC immediately after the reactivation phase (t (9) ϭ 0.623, p ϭ 0.549).
Analysis of general exploration values indicated no significant differences between conditions in terms of total exploration levels (sample: drug, F (1, 17) 
Discussion
These data support previous findings reporting memory reconsolidation in the SOR task (Bozon et al., 2003; Kelly et al., 2003; Akirav and Maroun, 2006; Rossato et al., 2007; Maroun and Akirav, 2008; Lima et al., 2009; Winters et al., 2009; Davis et al., 2010; Romero-Granados et al., 2010) and provide new insight into the dynamic nature of object memory storage and retrieval.
These results represent the first demonstration of an important role for PRh in object memory reconsolidation. In contrast to hippocampal involvement, PRh appears to contribute to object memory reconsolidation under a variety of memory reactivation conditions; this pattern of prevalent involvement in object memory reconsolidation is consistent with current perspectives that regard PRh as central to information processing for object representation (Buckley and Gaffan, 2006; Bussey and Saksida, 2007; Murray et al., 2007) , as well as past findings implicating PRh in object memory acquisition, consolidation, and retrieval (Winters et al., 2008) .
These data also provide insight into the specific role of the HPC in object memory processing. Unlike PRh, intra-HPC anisomycin impaired object memory only when memory reactivation occurred in the presence of novel contextual information. This finding is consistent with past results showing impaired ability of HPC-lesioned rats to recognize familiar objects in novel contexts (O'Brien et al., 2006; Piterkin et al., 2008 ) and more generally with previous suggestions that the HPC may only be- Figure 7 . Spontaneous object recognition performance of rats in Experiment 6. Intra-HPC administration of anisomycin immediately following memory reactivation in the presence of a novel contextual cue prevented reconsolidation of the sample object trace. Inhibition of hippocampal protein synthesis did not affect object recognition memory in rats that did not undergo a memory reactivation phase before drug delivery. Data are presented as average discrimination ratio (ϮSEM) from the choice phase administered 24 h after drug infusions. *p Ͻ 0.05 (anisomycin vs saline in reactivation group). Figure 8 . Spontaneous object recognition performance of rats in Experiment 7. Crossed unilateral administration of anisomycin into PRh and HPC immediately following memory reactivation in the presence of a novel contextual cue prevented reconsolidation of the sample object trace. Inhibition of protein synthesis did not affect object recognition memory in rats that did not undergo a memory reactivation phase before drug delivery. Data are presented as average discrimination ratio (ϮSEM) from the choice phase administered 24 h after drug infusions. **p Ͻ 0.01 (anisomycin vs saline in reactivation group).
come involved in object recognition performance when contextual information is highly relevant (Gaffan, 1994; Cassaday and Rawlins, 1997; Zola et al., 2000; Bussey and Aggleton, 2002; Mumby et al., 2002; Winters et al., 2004; Aggleton and Brown, 2005; Forwood et al., 2005) .
The selective nature of object memory reconsolidation blockade following intra-HPC anisomycin conflicts with past findings suggesting a role for the HPC in updating object memory traces when novel objects are present (Rossato et al., 2007) . The current results are consistent with an updating function, but only when the novel information is contextual in nature. The disparity between the present findings and those reported by Rossato et al. (2007) may be related to procedural differences. First, Rossato et al. (2007) infused 160 g of anisomycin into the dorsal HPC compared with our dose of 100 g per hemisphere. However, this lower dose was sufficient to produce large deficits in each of the PRh experiments in the current study and caused significant memory impairment when administered into the HPC following the context change reactivation. Thus, it seems unlikely that the absence of impairment by intra-HPC anisomycin in the novel object reactivation condition can be explained by our lower drug dose.
A second potential explanation involves the difference between object presentations in the two studies. Unlike in the current study, Rossato et al. (2007) presented two different objects in the sample phase. This, combined with subsequent presentation of yet another object in the reactivation phase might encourage encoding of HPC-dependent relational information. Hippocampal involvement could have been further promoted by the use of an open field to assess SOR in the Rossato et al. (2007) study. There are several reports of hippocampal effects on SOR when tested in an open field Broadbent et al., 2004) , and such effects have been ascribed to the potential involvement of spatial or contextual factors that may be less influential when the SOR task is run in the Y-shaped apparatus (Winters et al., 2004; Forwood et al., 2005) . Despite their differences, both Rossato et al. (2007) and the current study imply a specific role for the HPC in object memory reconsolidation when salient novel contextual or relational information is present during reactivation. This finding has important implications, not only for hippocampal involvement, but more broadly in terms of the dynamics of object memory storage and updating.
The current results imply a substantial change in the organization of the object memory substrate following reactivation in the presence of novel contextual information, because anisomycin infusion into either PRh or the HPC following such a reactivation appeared to abolish the object memory, as did pharmacological disconnection of hippocampal and perirhinal functions. This contrasts with the inconsequential effects of intra-HPC anisomycin in the other memory reactivation conditions. Recent research has supported a "transformation hypothesis," which suggests that memories can become less context-specific over time and that such changes could explain the differential dependence of certain remote memories on the HPC (Winocur et al., 2007 (Winocur et al., , 2009 Wiltgen et al., 2010) . The present results could reflect a reversal of this scenario. That is, the encoding of the sample object occurred in an habituated environment that had been specifically designed to lack notable contextual features. Inclusion of the textured floor insert, however, during the reactivation phase produced a salient contextual change which prompted greater involvement of the HPC for reconsolidation of the object memory. As such, just as some memories can become less context-and HPC-dependent, presentation of salient contextual information during sensitive periods might render memories more reliant on the HPC than when first encoded.
What is particularly intriguing about this apparent memory trace reorganization is the fact that the object memory becomes reliant on the HPC while retaining its PRh dependence; indeed, the results of the final experiment indicate that object memory reconsolidation following reactivation in an altered context requires functional interaction between the HPC and PRh. Accordingly, previous research has suggested that the HPC and PRh interact when contextual and object information must be integrated (Gaffan and Parker, 1996; Bussey et al., 2000 Bussey et al., , 2001 Bussey and Aggleton, 2002; Winters et al., 2004; Jo and Lee, 2010) . The current results, however, raise questions about the specific nature of hippocampal involvement in the object memory reconsolidation process. Results from other memory paradigms suggest that addition of new information to an established memory trace depends on consolidation processes, while restabilization of the original information occurs via distinct reconsolidation processes (Tronel et al., 2005; Debiec et al., 2006; Alberini, 2011) . In the present study, however, intra-HPC or intra-PRh anisomycin appeared to abolish object recognition memory when applied immediately after reactivation in the altered context. This would not be expected if the HPC was merely mediating the addition of novel contextual information to the original object memory. On the contrary, the present results suggest a substantial rearrangement of the circuitry required for successful object recognition. Future studies should address this intriguing implication to determine whether other types of memory are subject to the same kind of circuit level reorganization implied by the present findings.
Previous studies using other behavioral paradigms have also shown that post-reactivation reconsolidation can strengthen associations (Lee, 2008; Alberini, 2011) . The present data, however, are not fully consistent with these findings. Although in four of the seven experiments discrimination ratios were numerically higher in the saline-treated rats undergoing reactivation than in the no reactivation condition, these tended to be marginal differences. Some have argued, however, that the SOR task cannot be used to infer degrees of object memory strength, but merely whether animals can significantly discriminate between the novel and sample objects (Gaskin et al., 2010) . If this is the case, then additional measures will be required to assess the potential impact of memory reactivation episodes on the strength of object memories.
An important final consideration concerns the specific mechanism of amnesic effects caused by intracranial anisomycin. While such effects are commonly attributed to protein synthesis inhibition, anisomycin and other protein synthesis inhibitors (PSIs) can influence numerous biochemical processes. For instance, PSIs can inhibit monoamine function (Flexner and Goodman, 1975; Canal et al., 2007) , influence post-translational modification of proteins, including MAPK and CREB (Routtenberg and Rekart, 2005) , which are important components of memory-related biochemical cascades, and cause apoptosis at doses below those responsible for protein synthesis inhibition (Iordanov et al., 1997; Rudy et al., 2006) . Apoptotic effects cannot fully explain the impairments observed in the present withinsubjects study, as there was no reduction in vehicle condition performance by rats treated with anisomycin on previous trials. Nonetheless, other physiological effects of anisomycin should not be discounted when considering the specific mechanism responsible for its amnesic effects.
The present results highlight the fact that long-term memory storage is an ongoing, dynamic process. A significant implication of these findings is that the synapses responsible for a memory trace can, under certain conditions, become uncoupled to such an extent that successful retention of the original information depends on interaction between multiple brain regions, some of which may not have been critically involved in the original storage of the memory. The potential of reactivation events to exert such significant impact on the organization of the memory trace is consistent with recent suggestions that "reconsolidation" processes represent essential aspects of a prolonged, or "lingering," consolidation period during which the original memory trace remains open to modification (Dudai and Eisenberg, 2004; Alberini, 2005) . Better understanding of the conditions mediating perirhinal-hippocampal interaction in object memory reconsolidation and the apparent memory trace reorganization shown here will shed further light on the dynamic nature of memory storage, retrieval, and updating processes in the mammalian brain.
